Introduction
In process automation there is a tendency to use Plantwide Control systems which combine in one system tactical, managerial, scheduling, operational and control tasks for production and process control. A multilayered information processing system is defined based on the various levels of decision making. Än increasing number of people from diflerent disciplines are involved in the operation of these systems, each with their own background and expertise and their different demands and requirements concerning the overall system behavior. The system should provide the various users with advisory and consultancy possibilities, based on the different kinds of specialized knowledge.
It is clear that a lot of quantitative information is processed within and between the various levels of automation, but there is also a growing need for concentrated and qualitative information. In the expert systems used at these levels the main emphasis is on explanation facilities and knowledge translation, highlighting the key functions and parameters on each decision level. There is a need for a distributed expert and intelligent system, passing global information to the various levels of automation and inferencing on the specialized and more detailed information at the given level.
This system should be coupled to the distributed computer control system or incorporated in the existing hard-and softwa¡e. When we classifiy the application areas of expert sytems in automation systems we can distinguish systems which are based mainly on static or on dynamic information. Another division could be based on classification requirements or design and control problems. It is clear that because of the time critical situation the highest demands are put on the use of expert and other intelligeni systems on the supervisory and control level. In these systems the expertise of process operators and control systems designers is mixed with the time-va.rying information obtained directly from the p¡ocess by the rneasurements.
This paper is concerned with the lower levels of automation at which the knowledge-based and intelligent system should be implemented in a ¡eal-time environment.
The most promising applications are found in the areas of: -alarm monitoring, diagnosis and handling -supervisory and adaptive control -modeling of the operator -intelligent and direct expert control
The application of expert systems in modeling and system identification and in control system design will only be touched on in this paper, because of their mainly offline character and their emphasis on explanation and userguidance facilities. However, the development of a combination of a real-time control system which automatically asks for advice and initiates a design and identification session is a most challenging prospect.
The paper is organized as follows. Some general reflections on feedback control and artificial intelligence are given in Section 2, where different ways to use Ä.I methods in feedback control are reviewed. Section 3 deals with the case when an expert system is used to supervise different control strategies, this is called indirect expert control because there is a weak coupling between the control system and the expert system. In Section 4 we discuss direct realtime expert control where the expert system is more tightly coupled to the control system. There is a special class of direct ¡eal-time expert control systems that have been used in industry for some time. They are based on modeling the actions of a good operator by rules. Such systems are discussed in Section 5. Section 6 gives a brief treatment of learning systems, which appear to be a very promising area both from the research and the application point of view, Reynolds (1988) and Sachs et al (1986 (1986, 1988a, 1988b lay to avoid chattering due to noise, and a feedback so that the limit cycle oscillation is kept within specified limits.
The ultimate frequency is determined from zero crossings and the ultimate gain from the peak amplitude of lhe oscillation. The measurements of separate half-periods of the oscillation can be compared to establish that a steady state oscillation is obtained. The only prior information that has to be provided is the initial relay amplitude. The hysteresis of the relay is determined by measuring the noise level.
À system with relay auto-tuning can conveniently be described in terms of algorithms and logic. The algorithms will cover relay feedback, noise analysis, limit cycle analysis, computation of PID parameter, and PID control. The logic will cover the mode switches and the tests for switching between the operating modes. The operation of the system is conveniently described using a script. See Shank (1986 More details are given in Åström et al (1986) and Årzén (r982, 1s89).
Example -Expert Control
It is n¿tural to consider a controller which consists of several different algorithms orchestrated by an expert system as was suggested in Åstrôm et. al. (1986) and further elaborated in Årzen (1988, 1989) . We call such a system an eø-pert control system. The architecture of the system is shown in Figure 1 . The system consists of several algorithms for control and estimation, for example a PID controller, a PID tuner, a gain scheduling table, a least squares recursive estimator and a pole-placement self-tuner. The system also has other algorithms for supervision and analysis and signal generation algorithms to improve identifiability. All the algorithms are coordinated by the expert system that decides when to use a particular algorithm. The expert system architecture separates the control algorithms from the logic and it supplies a convenient way to interact with the system. The architecture also forces a disciplined structure.
A. blackboard structure has been found to be very useful.
Such a system which has forward chaining and backward chaining as well as procedural knowledge sources has been implemented by Ärzén (1987, 1989 
Strategy Switching
Depending on the system requirements and the actual behavior of the system it can be very useful to change the controller configuration. Especially in a MIMO system it can be advantageous to reconsider the connection between controlled variables and controller actions. Due to the mode of operation, the production level and the properties of the raw materials to be processed, an adaptation of the control strategy can be advantageous. ln a SISO system the strategy switching can be related to the dynamic selection of a control algorithm (bang-bang controller, P, PI or PID controller). In Baars ei al (f987) an example of strategy switching using an expert system in the temperature control system of large buldings is described. The forward chaining mechanism is used for the reasoning in the first four layers while the backward chaining mechanism is used in the fifth layer. Observing the knowledge trees in these layers, it can be shown that this is the fastest way to achieve a solution for the respective layers. Än agenda control algorithm within the backward chaining inference engine not only assures that the most likely to be concluded hypothesis will be investigated as soon a.s possible (heuristic search), and that the most important hypothesis will be searched for flrst, but also that the hypotheses which can never be proved at a speciflc moment are not investigated. To achieve this last possibility, metaknowledge has been added to the fifth layer. V'r* in Denmark (Holmblad and Ostergaard, 1982) and by Blue Cirle Cement in fhe UK (Haspel et al, 1987) . The Danish approach is called fuzzy control and the UK approach linguistic control.
Fuzzy Control
The idea of ftzzy sets is due to Zadeh (1965) . The first control applications are described in Mamdami (1974 Figure 5 shows the result of an example using CMÀC to predict the output of a second-order process. After a certain learning period the output of the process is predicted very well. Successively the input signal to the process, the process output and the output predicted by CMÄC are shown. 
Conclusions
In this paper an attempt has been made to review some of the current attempts to introduce ideas from artificial intelligence into feedback control systems. Expert systems seems well suited for the supervison of dillerent control algorithms They offer a good way to structure the systems in such a way that the supervison logic is well separated from the control algorithms. There are also interesting possiblities to introduce knowledge as to when a particular control algorithm can be applied in the feedback system, hence offering control systems with a higher level of automation. A key difficulty which has not been solved properly is the finding of suitable mechanisms for reasoning about time.
Knowledge-based and intelligent systems can be used for direct and indirect cont¡ol. In the latter case they are able to control unknown, nonlinear or time-varying systems provided that they are supervised. À supervisory layer is necessary to guarantee the stability and consistency of the control system. The most useful features of Learning Systems are the speed of operation and the possibility to control non-linear processes and processes that are difficult to model. Ä combination with knowledge-based systems can be used to ameliorate the system behavior by checking the consistency of gathered information and tuning some of the learning parameters of the learning system. Intelligent systems will penetrate into all levels ol a multi-layered information and control system. Provisions should be considered to pass on adequate information between the different levels of automation and to translate this info¡mation to key paramete¡s relevant to the given levels. Finally, it should be stated that intelligent control is a very promising 
